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To reveal the genetic conservation of type I Trichomonas vaginalis viruses (TVV) we cloned and sequenced the 4.6-kb
ds RNA of a TVV-T5 isolate for comparison with the cDNA sequence of a related TVV-T1 ds RNA. Analogous to TVV-T1,
the TVV-T5 ds RNA also contains an upstream capsid protein gene overlapped with a downstream RNA-dependent RNA
polymerase (RDRP) gene by a /1 reading frame shift. A conserved ribosomal slippage heptamer (C CUU UUU) was found
within the consensus 14-nt overlap, and the context of the sequence surrounding the heptamer suggests a potential
ribosomal frameshifting in the biosynthesis of RDRP from the initiation of capsid protein either through two consecutive
01 shifts or a /1 shift. q 1996 Academic Press, Inc.
Trichomonas vaginalis, which causes prevalent tricho- shows that the TVV-T1 genome contains an upstream
monaisis in the human urogenital tract, is also one of capsid protein gene overlapped by a downstream RDRP
the earliest branches of eukaryotic cell lineage (1). gene (11). The capsid protein gene encodes a 75-kDa
T. vaginalis virus (TVV), which infects many T. vaginalis polypeptide (11, 12). The genomic organization of TVV-
isolates, is the first double-stranded (ds) RNA virus to be T1 therefore resembles that of other nonsegmented ds
discovered in pathogenic protozoa (2, 3). It is also the RNA viruses represented in the Totiviridae, such as Sac-
only protozoan virus implicated in the pathogenicity of charomyces cerevisiae virus (ScV), G. lamblia virus (GLV),
the host organism (4 – 6). Recently, development of an and Leishmania RNA virus (LRV) (13–17).
RNA transfection system has been proven feasible in To examine the genome complexity of TVV in general,
Giardia lamblia, an intestinal protozoan pathogen (7). we analyzed viral ds RNAs in each T. vaginalis isolate
Therefore, viral study may provide tools and basic knowl- available in our lab (Fig. 1). By adjusting the loading
edge applicable to the investigation of T. vaginalis. quantities of RNA samples in gel electrophoreses or
The viral genomic ds RNA of TVV is encapsulated varying the exposure time during photography, we were
within a spherical-shaped capsid which exhibits typical able to identify a single major ds RNA in T. vaginalis
viral particle-associated RNA-dependent RNA polymer- JH31A#4, JH32A#4, TH11, T1, T2, T5, and T6 isolates (Fig.
ase (RDRP) activity of a ds RNA virus (3, 8). The genomic 1, lanes 2, 3, 7, 9, 10, 13, 14, respectively). The ds RNA
ds RNA in various T. vaginalis isolates shows significant in these T. vaginalis isolates also exhibited length poly-
sequence diversity and length polymorphism (9–11). Re- morphism, among which the one from T. vaginalis
cently, three heterologous genomic ds RNA species JH32A#4 migrated slower than those from other isolates
ranging between 4.3 and 5.0 kb have been identified in in agarose gel. In contrast, two major ds RNAs were
a number of T. vaginalis isolates by extended agarose found in T. vaginalis NIH-C1, CDC337, TH17, T3, T7, and
gel electrophoresis and Northern hybridization studies T9 isolates (Fig. 1, lanes 1, 4, 5, 11, 15, 17, respectively).
(10). Earlier work suggests that TVV is a trisegmented The intensity of the larger ds RNA in T. vaginalis CDC337,
ds RNA virus (10), an assumption that would place TVV TH17, or T3 isolate was significantly reduced compared
in a distinct category separate from other nonsegmented to the intensity of the smaller ds RNA. In a previous
ds RNA viruses in Totiviridae. In contrast, we have shown report, T. vaginalis NIH-C1 (referred to as ATCC30001)
that T. vaginalis isolate T1 harbors only a single major isolate has been shown to harbor three closely migrating
4.6-kb ds RNA and a 0.5-kb satellite ds RNA (11, 12). ds RNAs (10). However, in our hands, only two major ds
Analysis of the cDNA sequence of the 4.6-kb ds RNA RNA species were observed in the same isolate. Three
major ds RNAs of equivalent intensity were found in
T. vaginalis CH6, TH6, and T4 (Fig. 1, lanes 6, 8, 12,
1 The sequence data from this article have been deposited with respectively). At least five different sizes of ds RNA wereGenbank Data Libraries under Accession No. U57898.
found in various T. vaginalis isolates. These observations2 To whom correspondence and reprint requests should be ad-
dressed. Fax: 886-2-7825573. E-mail: bmtai@ccvax.sinica.edu.tw. strongly argue against the hypothesis that TVV is a triseg-
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lished observation), suggesting that translation of ORF1
is initiated from the first Met codon in this ORF.
ORF2 contains 756 a.a. residues which shows 84%
identity to the RDRP sequence of TVV-T1. The predicted
pI of this polypeptide is 9.44 and the molecular mass is
85.9 kDa. Surrounding context of the first Met codon and
its location (a.a. 58) in ORF2 are also conserved between
the cDNA sequences of the two viral isolates (Fig. 3),
which predicts a weak initiation for ORF2 to be translated
(19). Translation reinitiation is less likely to be utilized by
the virus to translate ORF2 because viral protein equiva-
lent to the size of ORF2 cannot be detected in purified
viral samples by Western blotting using RDRP-specific
sera (unpublished observation). In contrast, a 160-kDa
FIG. 1. The complexity of TVV genomic ds RNA in various isolates
gag-pol-like fusion protein has been detected in a puri-of T. vaginalis. Viral ds RNA was enriched from total RNA that had
fied TVV-1 sample on a Western blot by both capsidbeen extracted from T. vaginalis isolate NIH-C1 (lane 1), JH31A#4 (lane
2), JH32A#4 (lane 3), CDC337 (lane 4), TH17 (lane 5), CH6 (lane 6), protein-specific and RDRP-specific sera (unpublished
TH11 (lane 7), TH6 (lane 8), T1 (lane 9), T2 (lane 10), T3 (lane 11), T4 observation), indicating the involvement of ribosomal
(lane 12), T5 (lane 13), T6 (lane 14), T7 (lane 15), T8 (lane 16), or T9 (lane frameshifting in the biosynthesis of ORF2.
17) as described earlier (9). The RNA samples were electrophoresed in
Ribosomal frameshifting provides a translational regu-a 0.7% agarose gel at constant voltage (40 V) for 24 hr and stained
lation for the expression of two overlapping genes fromwith ethidium bromide. HindIII endonuclease-digested l DNA was used
as molecular weight markers. a single viral messenger RNA. To achieve this, a slippage
heptamer within the junction of two overlapping genes
is essential (20). The sequence of the slippage heptamer
mented ds RNA virus and suggest that the coexistence varies in different systems, but it should allow tRNA to
of multiple ds RNA species is probably due to coinfection slip between cognate or near-cognate codons in the
by heterologous viruses in the same cells (18). messenger in a /1 or 01 frameshift. The 01 ribosomal
In an earlier RNA hybridization study, we demonstrated frameshifting in ScV and a number of mammalian RNA
that the viruses from T. vaginalis T1 and T5 are distantly viruses has been examined in detail. The efficiency of
related to each other (9). To identify conservation be- such frameshifting is often enhanced by an RNA pseu-
tween TVV-T1 and TVV-T5 we further determined the doknot or stem–loop downstream of the heptamer (20–
cDNA sequence of the 4.6-kb ds RNA from T. vaginalis 25). A yet unidentified stimulatory element other than the
T5 isolate. Our approach to cloning the 4.6-kb ds RNA RNA pseudoknot or stem–loop has also been reported
of TVV-T5 and to the determination of its sequence are recently (26). In the Ty retrotransposons of S. cerevisiae,
shown in Fig. 2. Alignments of the DNA sequences from a /1 frameshift is used and the slippage heptamer is
overlapping cDNA clones yields a contiguous 4648-bp sufficient for efficient ribosomal frameshifting (27, 28).
sequence (Genbank Accession No. U57898). Within this Within the 14-nt overlap of ORF1 and ORF2 in the TVV-
sequence, two overlapping open reading frames T1 or TVV-T5 genome, a potential ribosomal slippage
(ORF1nt 287 – 2320 and ORF2nt 2307 – 4574) were identified on the heptamer (C CUU UUU) with an adjacent termination
plus strand viral RNA. Analogous to the TVV-T1 sequence codon in01 reading frame is found to precede the termi-
(11), the two overlapping ORFs in TVV-T5 cDNA se- nation of ORF1 (Fig. 3). The heptamer and the sur-
quence are also separated by a /1 reading frame shift. rounding context in TVV predict that the expression of
The lengths of the two ORFs and the sequences within the pol gene in TVV may be mediated by ribosomal frame-
the overlap region of the two ORFs are conserved be- shifting either through two consecutive 01 shifts or a /1
tween TVV-T1 and TVV-T5 cDNA sequences. shift during the translation of the cap gene.
ORF1 contains 678 a.a. residues which show 90% iden- The frameshifting toward the 01 direction can be
tity to the capsid protein derived from the TVV-T1 se- achieved by two consecutive slippages of tRNAPhe on
quence. The predicted pI of this polypeptide is 7.27 and mRNA spanning three overlapping UUU codons. In the
the molecular mass is 74.4 kDa. The primary RNA context first 01 shifting event, translation probably shifts from
surrounding the first Met codon in ORF1 of the TVV-T5 reading frame 3 to reading frame 2 before reaching
cDNA sequence is identical to that of TVV-T1 (Fig. 3) and the in-frame stop codon. Both the poly-U string in the
predicts a strong tendency to initiate translation (19). The putative slippery site and the neighboring stop codon
initiation site of the viral capsid protein cannot be deter- may contribute to the slippage (29 – 31). A termination
mined by protein sequencing due to N-terminal block of codon in frame 2 (UGA), which prohibits the translation
the polypeptide; however, migration of the viral capsid readthrough, may enhance the rate of a subsequent
protein in SDS–PAGE is identical to that of the recombi- 01 frameshifting (29, 30). A second 01 frameshifting
would then direct the protein translation into ORF2 innant capsid protein produced in Escherichia coli (unpub-
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FIG. 2. Molecular cloning and genomic organization of the T. vaginalis virus-T5 4.6-kb ds RNA. Each cDNA clone (thin line, upper panel) is
assigned a name (C0xx), and the location of the cDNA with respect to the full-length sequence of the genomic cDNA is indicated by a start number
and an end number. All clones except those specified below were obtained by a common cDNA cloning method (11). cDNA of the 3*-terminus was
synthesized by priming the poly(A)-tailed ds RNA with oligo-dT for subsequent cDNA construction. A C001 clone was obtained which is shown by
a series of aaaaa residues in the 3*-terminus of the cDNA. The 5* terminal and an internal sequence were cloned by RT-PCR cloning strategy
using denatured ds RNA as template (the orientation is indicated by r) which yielded many identical clones in each orientation (shown as pcr3 or
pcr6). The nucleotide sequence of each cDNA clone was determined on both strands at least twice by the dideoxy-chain termination method as
described by the supplier (United State Biochemical Corp.). Sequence analysis was conducted using the GCG (Genetic Computer Group) program
from the University of Wisconsin (36). The sequence of the overlapping region of the two ORFs is shown to contain a slippage heptamer (bold
phase). The genomic organization of TVV is shown in the lower panel. Shaded boxes represent the open reading frames (ORF). The first Met codon
and its location in each ORF is also indicated.
reading frame 1. The potential of sequence down- discussed here is hypothetical, and its precise identity
requires further experimental documentation.stream of the putative slippery site to form a stable
RNA stem – loop or pseudoknot is low as evaluated by In ds RNA viruses, the 5*- and 3*-untranslated regions
(UTR) of the plus strand viral RNA contain potential cis-FOLDRNA program (32).
Alternatively, the slippage heptamer may direct a /1 acting elements for virus multiplication. For example, sig-
nals for RNA replication and encapsidation have beenribosomal frameshifting which can be achieved by the
slippage of tRNALeu on CUU to UUU in a /1 frameshift analyzed in detail within the 3*-UTR and adjacent up-
stream region of the ScV genome (33). In reovirus, dele-on mRNA. Slippage of a CUU-decoding tRNA, tRNALeu,
from CUU to UUA within the heptamer CUU AGG C in a tion study has demonstrated the importance of the 5*-
and 3*-termini in RNA replication and encapsidation (34)./1 frameshift in the yeast retrotransposon Ty1 between
the TYA and TYB genes has been attributed to the low In LRV, the 5*-UTR has been shown to contain an internal
ribosome entry site for viral protein translation (35). Moreavailability of the AGG decoding tRNAArg (27). Since infor-
mation on hungry codons is not available in T. vaginalis, strikingly, a gene transfer system for the intestinal proto-
zoan pathogen G. lamblia has been established by re-it is difficult to explain this model. The slippery signal
FIG. 3. Sequence contexts surrounding the putative translation initiation and ribosomal slippery signals in TVV. Upper panel shows the conserved
sequences surrounding the putative translation initiation of ORF1 and ORF2 in TVV-T1 and TVV-T5 sequences. The first Met codon in each ORF is
underlined. Nonconserved nucleotides of TVV-T5 are shown in italic. The overlapping region of the two ORFs is also shown within an open box to
contain a slippage heptamer (bold phase). The deduced a.a. sequences of 1, 2, and 3 reading frames in this region are also shown in the single-
letter code and the termination codon is indicated by an asterisk (*).
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FIG. 4. Prediction of conserved RNA secondary structure at the 3*-terminus of TVV-T1 and TVV-T5 plus strand RNAs. The conserved RNA secondary
structure of the plus strand TVV-T1 (normal letter) or TVV-T5 viral RNA (italics) was predicted by FOLDRNA program (32). The termination (UAA) of
ORF2 is underlined.
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